The spatial and temporal distributions of tropical instability waves (TIWs) in the Atlantic Ocean are investigated using a combination of current observations with moored instruments deployed at the equator at 23°W and a realistic eddy-resolving (1/12°) general circulation model of the Atlantic Ocean. The meridional and vertical shears of the zonal current system contribute to the eddy production rates and thus to the generation of TIWs in the central tropical Atlantic Ocean. In the Southern Hemisphere, TIWs are forced only by baroclinic instability associated with the vertical shear of the central part of the South Equatorial Current (SEC). In the Northern Hemisphere, baroclinic instability due to the vertical shear of the northern SEC (nSEC) as well as barotropic instabilities due to horizontal shears of the Equatorial Undercurrent (EUC)/nSEC and nSEC/North Equatorial Countercurrent (NECC) contribute to the generation of the TIWs. Since seasonal changes of the instability production rates related to the EUC/nSEC are comparable low while the rates related to the nSEC/NECC are high, we suggest that the seasonality of the NECC dominates the seasonal modulation of the TIWs.
Introduction
With the growing data coverage of the global ocean during the last two decadesespecially in the near surface layer -it became evident that intraseasonal variability plays a fundamental role in maintaining the heat and freshwater balance by inducing horizontal and vertical fluxes of heat and salt. One of this high frequency variability pattern is referred to as the Tropical Instability Waves (TIWs). Since the early 80th, these waves are known to be a common large scale propagating feature of tropical ocean variability.
With their typical periods of 20-40 days and their distinct horizontal signature in the tropical sea surface temperature (SST) fronts they exhibit a characteristic pattern of ocean variability.
The TIWs are believed to be generated by the shear of the tropical zonal current system. They are predominantly excited after the southeast trade winds intensify in boreal spring when the zonal currents in the equatorial band accelerate and the equatorial upwelling intensifies. The TIWs act then in turn to reduce the enhanced shears of the mean zonal currents. Although TIWs are shown to be important for the near surface heat budget of the tropical oceans [e.g. Weisberg and Weingartner , 1988; Grodsky et al., X -4 VON SCHUCKMANN ET AL.: GENERATION OF TIWS instabilities, i.e. instability related to the vertical shear of the mean current, appear to be negligible [e.g. Weisberg and Weingartner , 1988; Philander et al., 1986; Kelly et al., 1995] . On the other hand, McCreary and Yu [1992] , for example, showed in a numerical simulation that mainly baroclinic instability accounts for the generation of TIWs. Grodsky et al. [2005] suggested by analyzing observational data from the equatorial mooring at 23
• W that the TIWs are maintained by barotropic and baroclinic conversions and that both instability processes are of comparable size.
Observational and numerical studies have shown that the signature of TIWs are strongest in the northern hemisphere, while TIWs in the southern hemisphere were present but substantially weaker. In the Pacific Ocean, Lyman et al. [2007] The purpose of the present study is to provide better insight into the spatial structure of the TIWs in the tropical Atlantic Ocean, in particular their (different) generating mechanisms and seasonal modulation using a combination of observational data and a realistic high-resolution (1/12
• ) general circulation model. The present paper is organized as follows: In section 2, the measurements and model simulations are described. In section 3 the spatial distribution of intraseasonal variability is presented and the model simulations are compared with observations. In section 4, the oscillating patterns at different locations in the tropical Atlantic are investigated. Section 5 describes the eddy kinetic energy (EKE) generating processes for the tropical basin and the last section summarizes and discusses the results. ADCP with 16m vertical resolution [Brandt et al., 2006 [Brandt et al., , 2007 . The upward-looking Workhorse ADCPs were deployed slightly shallower compared to the first deployment period providing velocity profiles between 100 and 10 m and 80 and 10 m, respectively.
The downward-looking Longranger ADCPs below had a measurement range of about 600m. For the second and third deployment period, ADCP data of both instruments have been combined to a continuous data set. The combined data sets have variable depth limits due to mooring motions and in each case have a gap of about 30m arising from the separation of the two ADCP transducers plus their individual blanking distance.
These gaps were filled by a Lagrangian interpolation algorithm. Finally the data (5m resolution, 1h intervals) are detided by applying a 40h-low pass filter and by subsequent subsampling to 12h resolution. The measurements of the upward-looking ADCP during the second mooring period are omitted in this investigation as the data seem to be corrupted by a formerly unrecognized instrument failure.
Model simulation
The eddy-resolving model of the North Atlantic Ocean which we discuss in this study is part of the FLAME-hierarchy ( on a rewritten version 1 of MOM2 [Pacanowski , 1995] and is identical to the one used in e.g. Eden et al. [2007] where more details about the model configuration can be found.
All model results shown here are taken after the 10 year spinup phase.
We will discuss below two experiments with the model. The first is a simple continuation of the spinup for 6 years (experiment CLIM) with the same climatological forcing [Barnier et al., 1995] as in the spinup. This forcing is given by climatological monthly mean wind stress and a Haney-type [Haney, 1971] 
Model validation
In this section we will show that the model is able to reproduce main characteristics of the observed intraseasonal variability in the tropical Atlantic. (Fig. 1a and b) .
Both distributions show strongest fluctuations in the region of the NBC retroflection and the NECC with standard deviations of more than 5 cm and a weaker secondary maximum south of the equator ranging from 2-4 cm ( Fig. 1a and b) .
At the equator the SLA variations are generally weak but that does not mean that the intraseasonal variability of the circulation is weak here as well, which can be seen for instance in the eddy kinetic energy (EKE) of the model simulation. Note that EKE was calculated using velocity fluctuations relative to seasonal means to exclude the seasonal cycle. It contains, however, variability of time scales from days to years but is dominated by the intraseasonal time scales (not shown). Furthermore, the simulated SLA variability at the equator is larger compared to the observations. It is a well known feature of the altimeter derived SLA products to show less variance than eddy-resolving models, which is related to the resolution of the observations and their data processing [Eden and Böning, 2002; Fratantoni , 2001] . Compared to the observations, however, simulated variance is slightly larger compared to the observations at the mooring position The observed meridional velocity fluctuations show two distinguishable signals between 20-40 days and at 14 days ( Fig. 3a) , from which the latter was found to have the characteristic of a Yanai wave [Bunge et al., 2007] , which is supposed to be excited by quasi-biweekly meridional winds in the eastern equatorial Atlantic [Han et al., 2007] . ments moves from 20 days near the surface to 40 days at 600m depth (Figure 3a) . In the simulations, energy is high from 20 to 40 days in the near surface layer and dominates at 600 m depth at about 40 days period. Toward higher frequencies, however, the power spectral density decreases more strongly in the simulations. The biweekly fluctuations that are low in the CLIM simulation are slightly enhanced in the DAILY simulation but still much weaker compared to the observations. The likely reason of this model bias is too low biweekly variability in the wind stress forcing, which is a known problem of atmospheric circulation models including the ECMWF model from which we took the forcing functions for DAILY (T. Jung, pers. comn.). However, we will not further discuss the biweekly signal since the focus of the present study is on the generation of intraseasonal variability by instability processes.
The season of strongest TIWs in the equatorial Atlantic starts in boreal summer, but events of wave propagation have also been observed in the first half of the year [e.g. , 1988] . As already discussed above and by Brandt et al.
Weisberg and Weingartner
[2006], monthly fluctuations in the meridional velocity measurements are dominated by these summertime events (Figures 2a and 4a) . Fluctuations of about monthly period during boreal winter are present mostly in January to March. As expected from earlier studies, the fluctuations in late boreal summer are more pronounced compared to the signal in the first half of the year. In contrast to similar fluctuations in zonal velocity, the patterns are not confined to mixed layer depths [see also Grodsky et al., 2005] . 
Oscillating patterns in the equatorial basin
A useful tool to extract oscillating patterns from multivariate time series is the evaluation of principal oscillating patterns [POPs hereafter von Storch et al., 1988 , 1995 .
We will discuss here POPs of simulated unfiltered meridional velocities ( signal is weaker than before. The spatial pattern of the second POP is maximum slightly south of the equator and is also strongest in the upper 100 m (Figure 7c ).
Generating eddy kinetic energy in the tropical basin
In this section we will show that the intraseasonal fluctuations ( the boundaries so that the integrated energy production ratesS and b w will balance dissipation and temporal changes. Since the advective terms thus only redistribute the EKE we will show the production ratesS and b w only. Since the TIWs are strongly seasonally modulated, energy transfer terms are shown for the different seasons. and Reverdin, 1987] andS is almost vanishing. In the northern hemisphere, the energy production byS is supported off the equator by energy production due to baroclinic instability, which is related to the vertical shear of the nSEC. In contrast, for the TIW
signal in the southern hemisphere horizontal shear production plays no role, it is entirely driven by the vertical shear of the cSEC.
Conclusion
The analysis of the spatial and temporal distribution of TIWs in the Atlantic Ocean using a combination of current observations at the equator at 23 • W) production rates of EKE and the mean zonal currents reveals that the instability processes can be related to the horizontal and vertical shears of the mean zonal flow (Figure 10 ). In the northern hemisphere, EKE is generated by baroclinic instability in the vertical shear of the nSEC and by barotropic instability in the horizontal shear between the nSEC and the NECC.
Along the equator, EKE is produced in the area of the horizontal shear between the EUC and the nSEC and production rates reach down to about 100 m depth. South of the equator, baroclinic instability was identified as the only source of EKE related to the vertical shear of the cSEC. The baroclinic instability in the southern hemisphere is slightly weaker than in the northern hemisphere due to the smaller SST gradient in the southern hemisphere.
The observations and the model show that TIWs are intensified in the upper 100 m of the water column, and that the signal reaches down to 600 m depth. As already reported by Brandt et al. [2006] by using a subset of the mooring data presented here, we find indications of a downward energy propagation from the near surface layer down to 600 m depth, which is present during the time of strong summer TIW events in both, the observations and the model simulations. However, lateral and vertical dispersion of EKE away from the region where it isparticular generated appears to be different forcing (T. Jung, pers. comn.), as well as the missing atmospheric feedback on TIWs which appears to reduce the growth of TIWs [Seo et al., 2007] .
A POP analysis reveals that along the equator, westward propagating oscillations with phase velocities of about 0.3 ms
exist from the western boundary to about 0
The signal is intensified slightly during January to March and July to September ( Fig 
